Introduction
whereas nbs1Δ cells were lethal in this background (Fig 1E) . Taken together, these data 136
show that the C-terminal region of Nbs1 that is critical for Tel1 activity at DSBs is 137 completely dispensable for the DNA repair functions of Nbs1. 138
139

Overexpression of Tel1 bypasses the requirement for the C-terminus of Nbs1 140
Although the Tel1 interaction motif at the C-terminus of Nbs1 is critical for Tel1 activity 141
at DSBs, we noted that in a rad3∆ background there was often a very weak but detectable 142 IR-induced stimulation of γH2A in Nbs1 C-terminal mutants (Fig 1C) . Surprisingly, we 143 could also detect a weak IR-stimulated increase of γH2A in nbs1∆ rad3∆ cells. 144
Importantly we never observed γH2A in rad3∆ tel1∆ cells (Fig 1B) , confirming that Tel1 145 catalyzed the small amount of γH2A formed in rad3∆ nbs1∆ cells. 146 We suspected that the Nbs1-independent activity of Tel1 might involve a low 147 affinity interaction of Tel1 with Mre11-Rad50 (MR). To address this possibility, we first 148 investigated whether overexpression of Tel1 bypasses the requirement for the Tel1 149 binding domain of Nbs1. We transformed nbs1-ΔC60 rad3Δ cells with a plasmid 150 expressing tel1 + driven from the attenuated thiamine-repressible nmt1 promoter, or an 151 empty vector control, and found that Tel1 overexpression restored both basal and IRwe first assayed phosphorylation of the effector checkpoint kinase, Chk1. In the absence 157 of damage, Tel1 overexpression did not cause a detectable mobility shift in Chk1 in 158 either wild type or rad3Δ backgrounds (Fig 2B) . Rad3 mediates phosphorylation of Chk1 159 in most contexts (Limbo et al., 2011) . Interestingly, overexpression of Tel1 partially 160 restored IR-dependent Chk1 phosphorylation in rad3Δ cells (Fig 2B) . Cells 161 overexpressing Tel1 had normal cell morphology and were not hyper-elongated, 162
indicating that Tel1 overexpression did not activate Cds1/Rad53 or Chk1 (Fig 2C) . 163 Moreover, Tel1 overexpression did not cause obvious growth defects nor increased 164 sensitivity to DNA damaging agents (Fig 2D) , suggesting that overexpression of Tel1 had 165 no overt negative consequences to the cells. 166
167
Tel1 overexpression bypasses the requirement of Nbs1, but not Mre11, in DNA 168
damage-induced Tel1 activity and telomere maintenance 169
Having found that Tel1 overexpression can bypass the requirement for the C-terminus of 170 Nbs1, we next examined whether the same was true in cells lacking Nbs1 or Mre11. In 171 nbs1Δ rad3Δ cells, Te1l overexpression rescued both basal and IR-induced 172 phosphorylation of histone H2A (Fig 3A) . However, IR-induced formation of γH2A was 173 defective in mre11Δ rad3Δ cells overexpressing Tel1, with only basal γH2A levels being 174 restored ( Fig 3A) . Similarly, Te1l overexpression partially restored IR-induced Chk1the absence of Rad3 and Tel1, cells undergo telomere erosion with a small subset 180 surviving through circularization of chromosomes after successive passages (Nakamura 181 et al., 2002). A similar relationship was observed when MRN null mutants were 182 combined with rad3Δ mutants, underscoring the importance of the MRN complex in Tel1 183 activity at telomeres. We asked whether Tel1 overexpression could prevent telomere loss 184 in cells lacking Rad3 and subunits of MRN complex. To address this question, we 185 generated mre11Δ rad3Δ or nbs1Δ rad3Δ mutants with tel1 + either driven from its native 186 promoter or the nmt1 overxpression promoter. Genomic DNA was prepared from cells 187 after each passage and Southern blotting was performed probing for telomere-associated 188 sequence (TAS1). We found overexpression of Tel1 prevented the loss of telomeres in 189 nbs1Δ rad3Δ cells (Fig 4) . Tel1 overexpression also had an effect in mre11Δ rad3Δ cells, 190 although in this case it only delayed the loss of telomeres (Fig 4) . These effects correlated 191 with the improved growth of nbs1Δ rad3Δ and mre11Δ rad3Δ cells in the presence of 192 overexpressed Tel1 (Fig EV1) Our results suggested that Tel1 has a high-affinity interaction with the C-terminus of 218 Nbs1, which can be bypassed by promoting a low affinity interaction with Mre11-Rad50 219 through Tel1 overexpression. However, our results did not exclude a model in which 220 address this question, we fused the last 60 residues of Nbs1 containing the Tel1 bindingerosion observed in nbs1D rad3D cells (Fig 6C) . 229
To test the effect of the Mre11-TBD fusion on Mre11 function, we performed 230 spot dilution assays, exposing the strains to different DNA damaging agents (Fig 6D) . we detected strong enrichment of Mre11 at a DSB in nbs1Δ cells. From these results, we 275
propose that for Tel1 activity at DSBs and telomeres, Nbs1 principally serves a 276 recruitment or enrichment role, whereas Mre11-Rad50 plays a critical stimulatory role 277 (Fig 8) . Tel1 with another. Thus, the most conserved property of ATM/Tel1 activation appears to 332 be the disengagement of the homodimer. It is tempting to speculate that Mre11-Rad50
Tel1 was overexpressed in mre11Δ rad3Δ or rad50-I1192W rad3Δ backgrounds, the 336 untreated samples had a significant increase in basal γH2A levels when compared to the 337 empty vector controls (Figs 3A and 7B) . It remains to be determined whether this γH2A 338 formation occurs randomly in chromatin or in response to specific events such as 339 replication fork collapse or telomere erosion. Whichever is the case, it is evident that Tel1 340 overexpression restores substantial Tel1 activity even in the absence of MRN complex. For telomere Southern blots, mre11Δ or nbs1Δ strains were crossed to rad3Δ with 390
tel1
+ either under its endogenous promoter or the full-strength thiamine-repressible nmt1 391 promoter. Confirmed strains were then streaked for single colonies sequentially, with a 392 liquid culture grown at each passage for genomic DNA extraction. Strains were grown 393 and maintained on minimal media lacking thiamine to ensure full expression of tel1 + for 394 the duration of the experiment. For the Mre11-TBD fusion Southern blot, generated 395 mutants were streaked 10 times sequentially prior to isolation of genomic DNA to allow 396 for circularization of chromosomes. Southern blotting was performed as previously 397 described (Limbo et al., 2012). Briefly, DNA was digested with EcoRI and resolved on 398 2% TAE agarose gels. DNA was transferred to a nylon membrane by capillary method 399 and incubated with TAS1 probe (Nakamura et al., 1998) generated by PCR with 400 biotinylated dCTP. The membrane was incubated with dye-labeled streptavidin and 401 scanned on a LI-COR Odyssey imaging system. An alternate pathway of Tel1recruitment to telomeres independently of the C-terminus of Nbs1 has been previously 403 described (Subramanian & Nakamura, 2010). In this alternate pathway, Tel1-mediated 404 telomere maintenance was observed in a pathway that depended on the N-terminus of 405 both Rad3 and Nbs1. To exclude this alternate pathway, we used full deletions of both of 406 these proteins in both our DNA damage and telomere assays. Moreover, this alternate 407 pathway appears to be specific to telomeres (Fig EV2) . 
